ABSTRACT. There has been a trend recently to use specimen geometries for toughness measurement that are more representative of actual flaw geometries in service. A prominent example is the use of single-edge-notched tension specimens for assessment of surface flaws in pipelines. To obtain a resistance (R) curve, i.e. J-integral or CTOD as a function of crack growth, it is necessary to monitor the crack size as a function of J or CTOD. To facilitate obtaining these data from a single specimen, the elastic CMOD unloading compliance C has been used in several testing programs to estimate crack size. C is a function of several variables in addition to crack sizenotably, specimen constraint (plane stress or plane strain). In this paper, the dependence of C on these variables will be discussed.
specimens of the same thickness as the pipe, notched in the same orientation as the surface flaws being assessed and loaded in tension to simulate service loads, have been developed. Several variants of the test, using single-edge-notched specimens loaded in tension (SENT or SE (T) ), are in existence. The first, RP-F108 published by Det Norske Veritas [1] , uses multiple specimens. The RP-F108 specimens are of preferred cross-section 2BxB (thickness x width: the dimension B here refers to specimen width, which is the pipe wall thickness in this case; normally, B refers to the specimen thickness, but there is no confusion for BxB cross-section specimens which will be the focus of the remainder of this paper), and "daylight" (distance between grips) of H=10B (i.e. 10W), tested in tension. In the years since RP-F108 appeared, many papers dealing with SENT testing have been published as well as two test methods in draft standard form, i.e. CANMET's recommended procedure [2] and ExxonMobil's procedure for measurement of CTOD using SENT specimens [3] . The latter two tests report single-specimen methods relying on a crack-mouth-opening (CMOD) unloading compliance (UC) technique to monitor crack size during the test. The intent of the present report is to discuss details of the UC method. To estimate crack size using UC, a relationship between crack size and compliance is required. Estimation of this relationship is straightforward using standard linear-elastic finite element methods available in several software codes, and has been performed in many laboratories around the world. However, there are some subtleties in application of the results that should be recognized, in particular the relationship between plane strain and plane stress and which of these is the closest approximation to the actual test constraints.
ESTIMATION OF CRACK SIZE -PLAIN STRESS/STRAIN
he most straightforward procedure to obtain stress and displacement using finite element analysis (FEA) is to use a two-dimensional (2D) plane strain model. Plane stress constraints are difficult to simulate, and resort is normally made to a "generalized plane stress" formulation for this case. The resulting compliance data can be expressed in terms of a parameter u (sometimes called the "normalized compliance"):
where B=specimen width, C=CMOD compliance (displacement/load), and E´ is the "effective modulus". For planestrain compliance calculations, the appropriate "effective modulus" is the "plane-strain modulus" E´=E/(1-ν 2 ) where ν is Poisson's ratio for the material. The actual specimen constraints are, of course, not plane strain but rather something between plane strain and plane stress (see, for example, [4] ). To obtain the plane stress compliance from Eq. (1), the "plane stress modulus" E´=E should be used, where E is Young's modulus for the material. In practice, the relationship between a/W and u is first found from plane-strain FEA calculations, and expressed in a convenient form, normally a polynomial for a/W as a function of u. Then, to estimate a/W from compliance, the value of u using the "effective modulus" appropriate to the constraint of the test specimen is calculated from the measured compliance. Then, a/W is calculated from the polynomial for a/W as a function of u. Polynomial expressions for a/W have been published in a number of papers. It has become conventional to use a "daylight" H between grips of 10W and fixed-grip (clamped) load application, and most use a BxB cross-section geometry; all of the results discussed here are for this condition. 
This equation contains only six terms, as it is valid only over the range 0.1≤a/W≤0.7. This is the relevant range for practical testing, and in that range it agrees well with Eq. (2). For purposes of the test standard then, Eq. (3) is adequate. Fig. 1 shows a comparison of Cravero's Eq. (3) with Shen's FEA data [2] and with data calculated in the present study. Note that Cravero's equation (shown as a solid curve in Fig. 1 ) provides an excellent fit to Shen's and the present results over the range 0.1≤a/W≤0.7, even up to a/W=0.8. There is a slight discrepancy for a/W=0.05 and a/W=0.9 and 0.95; however, these values of a/W are outside of the range expected to be used in practical tests. The conclusion is that Cravero's equation is suitable for estimating crack size from CMOD compliance over the range 0.1≤a/W≤0.8.
T
To demonstrate the influence of constraint, Fig. 2 shows the CMOD compliance (multiplied by the specimen thickness B; E was taken as 207 GPa) calculated from Cravero's equation using plane strain and plane stress moduli. Also shown in the figure is the plane strain, stress (represented by one value at a/W=0.6) and 3D compliance calculated using FEA in the present study. The 3D compliance is substantially larger than the plane strain compliance, and almost identical to the plane stress compliance. This is shown more clearly in the expanded portion of Fig. 2 shown in Fig. 3 . Moreira and Donato [6] have confirmed for SE(T) specimens with W/B=0.5, 1, and 2 and a/W=0.1 to 0.7 that the 3D compliance is correctly predicted by the plane stress model, although their results are for H/W=6 and so are not directly comparable to the data in this paper for H/W=10. Donato has also confirmed (private communication) that the FEA plane stress and plane strain compliances are the same function of u when u is normalized by the modulus E´=E for plane stress and by E´=E/(1-ν 2 ) for plane strain. 
VALIDATION
ANMET has recently completed a round robin designed to assess the viability of the single-specimen method developed earlier [2] . The results have been published recently [7] . Participants reported both calculated values (from unloading compliance) and measured values (from nine-point optical size measurements on the fracture surface) of the crack size. The results are shown in Fig. 4 and in Tab. 1. It should be noted that a correction for rotation is required to use the UC method for a SE(T) specimen because the alignment of the specimen changes during crack growth. The specimen rotates so that the load line moves closer to the centre of the ligament, and the compliance changes accordingly. A correction factor derived by Shen and Tyson [8] is incorporated in the CANMET procedure [2] and was applied in the round robin. The correction is not large; for a deep crack (a/W≈0.5) the measured compliance is smaller by about 9% when the ligament is fully yielded than it would be for a straight specimen (to which the UC crack size equation applies), and the correction increases the calculated crack size by about 3%. Observation of specimens removed from the testing machine showed that yielding was confined to the ligament; the deduction is that rotation occurred by elastic deformation of the arms of the specimen.
CONCLUSIONS AND DISCUSSION
he principal conclusions of this study are: 1) for SE(T) specimens with H=10W and BxB cross section, the parameters reported by Cravero and Ruggieri [5] represent well the relation between crack size and compliance; and 2) the effective modulus E´ used in the normalized compliance u should be the "plane stress modulus" E. Conclusion 2 is consistent with the approach in ASTM E1820-11e [9] , in which E rather than E/(1-ν 2 ) is used in the UC equation for crack size as a function of u in for SE(B) specimens. At first glance it may seem strange that the plane stress modulus should be used for calculations in a test designed to measure the plane strain toughness. However, it is readily appreciated that the compliance is a function of displacements everywhere in the specimen and not just near the crack tip. The crack tip may well be in a state close to plane strain, especially if side grooves are used, and this justifies the use of the plane strain modulus in calculations relating the stress intensity factor K and the J-integral J, i.e. J=K 2 /E´. However, the constraint for the bulk of the specimen, especially in tension-loaded specimens, is closer to plane stress than to plane strain.
